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Abstract—In this paper, a miniaturised Butler matrix using
3-dB cross-slotted patch hybrids is presented. By asymmetri-
cally loading the inductive cross-slotted slots on four patches,
compact patch hybrid couplers can be achieved. After properly
installing two quarter-wavelength short-circuited stubs as phase
shifters, the overall size of the resultant Butler matrix is largely
reduced. In comparison with traditional patch hybrids with half-
wavelength side-length, the side-length of proposed one can be
shorter than quarter-wavelength. It means that the over all
circuit area achieves an area reduction of about 56%, while the
comparable performance is maintained, where the -10dB return
loss bandwidth is more than 14%, 0:7 dB amplitude balance
bandwidth is more than 10%, and the 45  5 phase difference
bandwidth is around 14%. Finally, a prototype of proposed Butler
matrix is fabricated and verified experimentally.
I. INTRODUCTION
The beam-forming network is a critical part in a multi-
ple input multiple output (MIMO) wireless communication
system. As one of the well-known beamformers, the Butler
matrix [1], which produces orthogonal beams and consists
of branch-line couplers, crossovers and phase shifters, wins
popularity due to its simple configuration, easy fabrication
and low cost. However, the Butler Matrix still suffers from
narrow bandwidth and large size, as wireless technology
advances. Hence, plenty of research work [2-5] has been
carried out on size reduction of the Butler Matrix. Since the
crossovers have a limited bandwidth and bring about additional
undesired effects, such as mismatching and increased insertion
loss, the multilayered configurations without crossovers were
proposed [2, 3]. In addition, the performance of traditional
3-dB branch-line couplers is poor at high frequencies due
to the unwanted T-junction effects and mutual couplings of
branches, while patch hybrid couplers [6, 7] with relatively
high performance occupy large area because of their long
side-lengh (length = g=2, where g denotes the guided
wavelength). In particular, the traditional patch hybrids have
to be optimized at concaves and convexes in order to achieve
a desired matching and bandwidth [7].
To remedy the aforementioned challenges, we propose a
miniaturised Butler Matrix as shown in Fig. 1, which consists
of four 3-dB cross-slot patch hybrid couplers and two 45
phase shifters using short-circuited stubs. The cross-slotted
patch hybrid coupler [8, 9] is designed to be less than g=4 in
side-length, which leads to over 50% area reduction without
bandwidth compromising. For the phase shifter, short-circuited
stubs are symmetrically loaded inside the matrix to flatten the
phase difference. In the following sections, the principles of
single patch hybrid coupler and phase shifter are re-explored,
and then the proposed Butler matrix is designed, implemented
and verified experimentally.
(a)
(b)
Fig. 1. Proposed Butler matrix: (a) schematic and (b) fabricated circuit.
II. BUTLER MATRIX DESIGN WITH CROSS-SLOTTED
PATCH HYBRIDS
The coupler is designed by etching out two cross slots
along the diagonal lines of a square patch, with a stepped-
impedance-shape at one of slot ends. The reference line of the
phase shifter is shorted to ground by a g=4 shunt stub. In this
paper, the operation frequency is set to be around 2.4GHz, and
the substrate is RO4350B with "r = 3:66, h = 0:508mm,
and tan  = 0:0031. All the simulations and optimizations are
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carried out via Advanced Design System (ADS) Momentum
software [10]. Due to the limitation of the material and
substrate height, the equivalent branch impedances of patch
are not enough and it is hard to obtain a perfect impedance
matching at the operating frequency. This situation can be
improved by further increasing cross slot length, or using
equivalent high inductive loadings as detailed in [9].
Further more, the phase shifter with shunt short-circuited
stubs is adopted to obtain maximum phase flatness. Actually,
the half-wavelength open-circuited was proposed to replace
the short-circuit stub because of the difficulty of via-hole
fabrication for multilayers. However, it is not a big issue for
single layer microstrip technology today.
In order to achieve a compact size and good performance,
the Butler matrix configuration is based on three key features
listed below (as presented in Fig. 1):
1) Disposing the crossover by arrange the input and output
ports alternatively [7];
2) Loading cross-slots asymmetrically along the patches to
reduce the size [8],[9];
3) Embedding the stubs with a common ground and the
delay lines into the matrix.
Hence, the final Butler matrix is only about 0.88g in length
and 0.62g in width, which indicates a size reduction of 56%
in comparison with that based on traditional patch hybrids.
S-parameters (lines) simulated by ADS of proposed Butler
matrix are demonstrated in Fig. 2, and results (markers)
measured by vector network analyzer are also plotted in the
same figure for comparison.
From the results, it can be noticed that more than 14%
bandwidth is achieved for a return loss better than -10dB for
the matrix at both input port 1 and 2. On the other hand, the
bandwidth is about 11:0% from port 1 and 17:2% from port 2
for an amplitude balance of 0:7 dB. The obvious difference
between port 1 and 2 is caused by impedance mismatching
looking into different ports. As an unsymmetrical loading, the
phase shifters are integrated with the couplers, the original
impedance relationships of couplers is broken. In contrast,
considerable differences exist in the measured results, but the
performance of the fabricated circuit is still reasonable. The
curves rise higher in frequency slightly and the magnitude
gap between transmission and reflection becomes narrower,
which leads to a narrower bandwidth and a lower transmission
efficiency. However, the overall performance agrees well with
the design objective in general. In addition, the simulated and
measured bandwidths for 45  5 phase difference between
output port 5 and 8 are about 14% and 8%, respectively.
III. CONCLUSION
A miniaturised Butler matrix has been proposed for feeding
multibeam antenna array system. The compact size and good
performance are guaranteed due to the reasonable arrangement
of the input and output ports, cross-slot patch hybrid couplers
and phase shifters with inside embedded short-circuited g=4
stubs. In addition, it would be easy to further reduce the overall
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Fig. 2. Simulated and measured S-magnitudes at (a) port 1 and (b) port 2,
where S refers to simulated and M indicates measured, respectively.
size by meandering the length of uniform connecting lines
between couplers and phase shifters.
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